Introduction
Thogoto (THO) virus was first isolated from a pool of ticks collected from cattle in Kenya in 1960 (Haig et al., 1965) . Subsequently, the virus has been repeatedly isolated from ticks as well as vertebrates (humans and livestock) in Africa, Asia and Europe. Neutralizing antibodies have been detected in man and in a wide variety of animals including cattle, camels, sheep and goats (reviewed by Davies et al., 1986) . The virus replicates in both ticks and vertebrates and fulfils all the criteria for being an arbovirus (Davies et al., 1986) .
THO virus has been extensively used as a model system for studies on transmission of tick-borne viruses (Davies et al., 1989; Jones et al., 1987b Jones et al., , 1989a Jones & NuttaU, 1989) . In this regard, it was the first reported example of an arbovirus that was shown to undergo reassortment in either a naturally infected vertebrate or invertebrate host (Jones et al., 1987a; Davies et al., 1987) . Nevertheless, little is known about the biochemical properties of the virion, and the replication cycle of the virus.
A preliminary structural analysis established that THO virus and Dhori (DHO) virus, another tick-borne virus, have many features in common with orthomyxo-0001-1129 © 1992 SGM , viruses (Clerx et al., 1983) . THO and DHO are enveloped viruses, the genome comprising six (THO virus) or seven (DHO virus) segments of linear, negative sense ssRNA. These RNA molecules are broadly comparable, in terms of size, to those of influenza viruses. Moreover, the sequences of the ends of viral RNA segments are partially complementary and resemble those of influenza viruses (Clerx et al., 1983; Staunton et al., 1989) . Sequence data have revealed similarities between the predicted polypeptide encoded by THO virus RNA segment 3 and the influenza virus PA protein (Staunton et al., 1989) . In DHO virus, the second and fifth largest viral RNA segments show a distant relationship to influenza virus PB1 and nucleoprotein polypeptides, respectively (Lin et al., 1991; Fuller et al., 1987) . The putative genes encoding the viral glycoprotein of THO and DHO viruses are related. However, contrary to their description in the recent classification of THO and DHO virus in the Orthomyxoviridae (Francki et al., 1991) , neither of these two glycoproteins is related to any influenza viral glycoproteins (Freedman-Faulstich & Fuller, 1990; Morse et al., 1992) . Indeed, both THO and DHO glycoproteins show extensive amino acid identity with the gp64 glycoprotein of baculoviruses (Morse et al., 1992) .
In order to substantiate the classification of THO virus in the Orthomyxoviridae family, a detailed description of the virus-encoded proteins and information about the replication-transcription mechanism of the viral genome are needed. This report describes the composition and location of the structural proteins of THO virus. In addition, properties associated with the major envelope glycoprotein of THO virus are described. The results are discussed in terms of the taxonomic classification of the virus.
Methods
Viruses and cells. The Sicilian isolate (SiAr 126) of THO virus (Albanese et al., 1972) was used throughout the study. The virus was grown in BHK-21 cells as the highest virus titres were obtained in this cell line. Vero cells were used for titrations because they developed clearly defined plaques (Jones et al., 1987a) . BHK-21 cells were selected for cell fusion experiments based on their ability to be extensively fused by paramyxovirus (Holmes & Choppin, 1966) and influenza virus (Huang et al., 1981) .
Virus purification. Virus was purified by ultracentrifugation in a 10 to 50% (v/v) Urografin gradient and then pelleted through a 30 % glycerol cushion, as described previously (Morse et al., 1992) . The virus pellet was resuspended in TNE (10 mM-Tris-HC1 pH 7-5, 100 mM-NaC1, 1 mM-EDTA), applied to a linear (15 to 60~) sucrose gradient in TNE and centrifuged at 32000 r.p.m, for 1 h at 4 °C (Sorvall TH641 rotor). The visible band was collected, diluted in TNE and the virus was pelleted in a Type 30 rotor.
For preparation of radioactively labelled virus, cell cultures in a 35 mm Petri dish were infected at an m.o.i, of 1. Ten hours postinfection, the medium was replaced with either methionine-or glucosefree medium, and 2 h later 100 laCi of either [35S]methionine or [~H]mannose was added, respectively. After a 2 h period, normal Eagle's minimum essential medium (EMEM) was added, and incubation continued for 20 h. Labelled and unlabelled viruses were mixed and purified as described above.
Treatment of purified virus with trypsin. Samples of purified virus were diluted in TNE and incubated in the presence or absence of 100 p.g/ml trypsin at 37 °C. After 75 min incubation, reactions were stopped by adding SDS-PAGE sample buffer. The samples were immediately boiled and loaded onto a 9~ SDS-polyacrylamide gel.
Dissociation of virions with Triton X-IO0 and NaCI. Aliquots of purified virus were diluted in TNE and treated with 2~ Triton X-100 with or without NaCI at a final concentration of 0.8 M. The samples were incubated at 30 °C for 75 rain, chilled on ice and layered over a cushion of 20~ sucrose in TNE. Samples were then centrifuged in a SorvaU AH650 rotor at 40000 r.p.m, for 90 min at 10 °C. The pellets were dissolved in SDS PAGE sample buffer. The supernatants were collected and precipitated at 4 °C with TCA at a final concentration of 10%. The precipitate was then washed once with 10% TCA, twice with acetone and resuspended in SDS PAGE sample buffer. Pellet and supernatant fractions were analysed in a 9~ SDS-polyacrylamide gel.
Haemagglutination (HA) and haemagglutination inhibition (HAl) assays. Titrations were performed in microtitre plates using goose red blood cells (RBCs) and purified THO virus in a buffer containing 40 mM-MES and 150 mi-NaCl at pH values ranging between 5.2 and 7. HAI tests were performed at pH 6 by incubating 4 to 8 HA (1 unit is the amount of virus agglutinating 100 I11 of 0.05~ goose RBCs in 1 h at room temperature) units with serial dilutions of purified monoclonal antibodies (MAbs) or polyclonal antisera.
Assays of neuraminidase and neuraminate-O-acetylesterase activity.
Purified virus was used for both assays. Neuraminidase activity was assayed using fetuin as a substrate following the procedure described by Aymard-Henry et al. (1973) . Neuraminate-O-acetylesterase activity was determined by monitoring the release of acetic acid from bovine submaxillary mucin using a commercial test kit (Boehringer) as described by Herder et al. (1985) .
Haemolysis and fusion assays, Samples of 400 ~tl containing 10%
hamster RBC suspensions were prepared in 150 mM-NaCI, 40 mM-MES at pH values ranging from 5-2 to 7, Aliquots of virus (100 lal) were mixed with the RBC suspensions and incubated for 2 h at 37 °C. After low speed centrifugation, the ODs,0 of the supernatant fluid was measured. Within the range of pH values tested there was no pHdependent haemolysis in the absence of virus.
Analyses of the cell fusion induced by THO virus were carried out in Vero cells. Cell monolayers were infected at an m.o.i, of 5 p.f.u./cell. After incubation in EMEM at 37 °C for 24 h the medium was replaced with 5 ml 40 mM-MES pH 6, 150 mm-NaC1 containing 0.1 g/l each of MgCI 2 and CaC12. The culture was incubated for another 2 h at 37 °C and observed by phase-contrast microscopy for the presence of syncytia. The capacity of the antibodies to inhibit fusion was determined by preincubation of the infected cells with the different antibodies for 2 h prior to the incubation of the cells in the low ,pH medium.
Preparation and affinity purification of MAbs. Six-week-old BALB/c mice were inoculated subcutaneously with THO virus, followed by two more injections at 2 week intervals. Four days after the final injection the spleens were removed and fused with either Sp2/O-Agl4 or NS0/1 myeloma cells according to a modification (Fazekas de St Groth & Scheidegger, 1980) of the method described by K6hler & Milstein (1975) . Supernatant media of the hybridoma colonies were screened by ELISA using purified virus as antigen and peroxidase-conjugated goat anti-mouse Igs (Sigma) following the manufacturer's instructions. Positive clones were recloned three times before expansion of the hybridoma cells. MAbs were purified from the cell culture medium by affinity chromatography on Protein A using the 'Affi-Gel protein A MAPS II kit' from Bio-Rad.
Radioimmune precipitation of virus-specific polypeptides. Radiolabelling of infected cells is described above (see Virus purification). After the labelling period (1 h), cell cultures were washed twice with PBS and lysed on ice in TNE containing 1% NP40 (TN buffer). For immunoprecipitation assays, 2 ~tl of a solution of Protein A-Sepharose (Sigma) (125 mg/ml in TN buffer) was incubated with 28 txg rabbit antimouse immunoglobulins in a volume of 200 ~tl. After incubation for I h at room temperature, the Protein A-Sepharose was washed three times with TN buffer, and then 500 ~tl of cell culture medium of the different hybridoma cells or 2 ~tl of mouse antisera was added, and incubation was continued for 1 h. After washing three times, the pellet was incubated overnight at 4 °C with 105 c.p.m, of the cell lysate in a volume of 200 txl. Antibody-antigen complexes were washed three times with TN buffer and twice with RIPA buffer (50 mM-Tris-HCl pH 7-5, 150 mM-NaC1, 1% NP40, 0.5% sodium deoxycholate, 0-1% SDS). The washed pellet was resuspended in SDS-PAGE sample buffer, and analysed by SDS-PAGE.
Indirect immunofluorescence assays. Monolayers of Vero cells infected
with THO virus were fixed with cold acetone 24 h post-infection and stained using a MAb and fluorescein-conjugated sheep anti-mouse IgG. Cells treated in this manner were designated 'fixed' cells. Infected cell cultures that were not fixed with acetone but detached from the plates by incubation with PBS containing 0.03% EDTA and stained directly in a manner similar to the "fixed' ceils were designated 'unfixed' cells. Neutralization tests. Tenfold dilutions of a stock of T H O virus (titre 2.6 × 10 ° p.f.u./ml) were prepared in PBS and mixed with an equal volume (100 I~l) of the different hybridoma cell supernatants. After incubation for 2 h at 37 °C, the virus remaining in the mixture was assayed by plaque titration.
Results

THO virus structural proteins
Purified virus was analysed by SDS-PAGE under reducing conditions (Fig. 1) . Six major structural polypeptides with apparent Mr values of 92K, 82K, 75K, 70K, 52K and 29K were detected (Fig. 1, lanes 1 and 2) . The 45K band most likely represents a cellular contaminant (probably actin) since its relative abundance, compared to the other viral polypeptides, varied depending on the viral preparation. When virus was purified from cells pulse-labelled with [3H]mannose, a 75K band was labelled, indicating the glycosylated nature of this polypeptide (designated gp75) (Fig. 1, lane 3) .
The viral specificity of the six structural polypeptides was established by radioimmune precipitation (see below).
Location of the polypeptides in the virion
Trypsin treatment of purified virus removed gp75 but left the other five viral proteins essentially intact (Fig.  2a, lanes 1 and 2) . The additional bands seen after trypsin treatment probably represent minor breakdown products of viral polypeptides. The titre of the virus was reduced from 3 x 10 ~ to less than 102 p.f.u./ml after trypsin treatment, indicating the importance of gp75 for virus infectivity.
Treatment of THO virus with Triton X-100 in 0-1 MNaC1 solubilized virtually all gp75 and a small amount of vp29 (Fig. 2b) . In the presence of 0.8 M-NaCI, an increased amount of vp29 together with some vp52 was also solubilized. The three largest unglycosylated polypeptides, particularly vp92 and vp82, were detected in the pellet fraction suggesting a tight association of these polypeptides with the viral nucleocapsid. The 66K band detected mainly in detergent-treated samples was not labelled when a similar experiment was carried out using [35S]methionine-labelled virus. This band, therefore, was most likely due to a contaminant present in the detergent and which stained with Coomassie blue.
Biological activities associated with the virus particle
HA assays were carried out at pH values ranging from 5.2 to 7. Using goose RBCs, agglutination was evident under acidic conditions but not at neutral pH (Fig. 3c) . The highest HA titre was reached at pH 6 to 6-2, and HA titres remained high within a pH range from 5.2 to 6.4, a result which agreed with previous findings (Srihongse et al., 1974; Albanese et al., 1972) . Hamster RBCs were agglutinated in a similar pH-dependent manner although less efficiently than goose RBCs (data not shown). HA was completely inhibited by pretreatment of the virus with antiviral antiserum and not by preimmune antiserum. The HA activity was tentatively associated with gp75 because the HA titre dropped drastically from 512 to 32 when an aliquot of purified virus was treated with trypsin. Neither neuraminidase activity (as in influenza A and B viruses; Gottschalk, 1957) nor neuraminate-O-acetylesterase (as in influenza C viruses; Herrler et al., 1985) activities were detected in virions.
To determine whether THO virus displayed a pHdependent fusion activity, haemolysis studies were performed with THO virus and hamster RBCs at pH 5 to 7. THO virus induced haemolysis within a narrow pH range, partially coincident with that observed for the HA activity (Fig. 3 c) . The fusion activity was temperaturedependent (no RBCs were haemolysed at 0 °C), and dose-dependent in relation to HA titres (data not shown).
For some enveloped viruses the haemolytic activity is displayed as extensive cell fusion if infected cells are incubated under optimal conditions. This was also the case with THO virus. Infected cells were fused within 2 h when exposed, 24 h post-infection, to pH 6 (Fig. 3a) , whereas no syncytium formation was observed if the growth medium was not acidified (Fig. 3 b) . Fusion was caused by a viral component, because it was inhibited by preincubation of the infected cells with antiviral antisera (data not shown). Fig. 4 (a) and (b), respectively. MAbs 2, 9, 12, 34, 39, 48 and 51 precipitated an unglycosylated protein migrating in SDS-polyacrylamide gels at the same position as vp52. In contrast, M A b s 4, 10, 11 and 17 precipitated similar amounts of a glycosylated protein of 65K. It was assumed that this polypeptide was the precursor o f the mature gp75 because, when the labelling period was 16 h, the M r of the precipitated protein was 75K (data not shown).
Isolation and characteristics of MAbs directed against THO virus T o e x t e n d t h e c h a r a c t e r i z a t i o n o f t h e viral p r o t e i n s
Polyclonal mouse antiserum raised against T H O virus precipitated the 65K glycosylated polypeptide and in addition reacted with proteins of mobilities identical to those of vp92, vp82, vp52 and vp29. Vp70 was not detected, probably because it is masked by the precursor of gp75 or because it is poorly labelled with [35S]methionine (Fig. 1, lane 2) . None of the monoclonal or polyclonal antibodies reacted with proteins from uninfected cells (data not shown). The specificities of the M A b s are listed in Table 1 . To locate the polypeptides recognized by these :~ Neutralization activity. Each plus symbol denotes a tenfold reduction in virus titre.
§ A plus symbol indicates that less than 0.1 ~tg of purified antibody was required to inhibit 4 to 8 HA units; -indicates that more than 1 ~tg did not inhibit HA.
II Fusion inhibition. A plus symbol denotes MAbs that inhibited fusion. ** ND, N o t d e t e r m i n e d .
antibodies in the infected cell, immunofluorescence studies were carried out. W h e n Vero cells were infected with T H O virus and fixed with acetone, anti-gp75 antibodies stained the cytoplasm and the outer membrane region of the cytoplasm (Fig. 5a ) whereas anti- vp52 antibodies stained the nuclei (Fig. 5b) , indicating that the replication of the virus involves a nuclear phase. Fluorescent assays of unfixed cells, using a gp75-specific MAb, revealed a weak surface fluorescence, demonstrating that gp75 was exposed on the cell membrane (data not shown).
The ability of anti-gp75 antibodies to inhibit HA or fusion activities and to neutralize viral infectivity in vitro was tested (Table 1 ). All these antibodies inhibited either the HA or fusion activities; MAb l0 inhibited both activities. Only MAbs l0 and 17, which inhibited the formation of syncytia in THO virus-infected cells, showed neutralizing activity in vitro indicating an intimate relationship between fusion activity and infectivity. Two of the MAbs, 4 and 1 l, which inhibited HA, did not reduce the virus titre. This result suggests that HA activity is not essential for infectivity in cell culture.
Discussion
Purified THO virus was shown to contain six polypeptides of viral origin. Metabolic labelling with radioactive sugars established that gp75 was the only glycosylated structural protein. This polypeptide was located on the surface of the viral particle since it was digested when purified virus was treated with trypsin, and the protein was readily solubilized by treatment of the virions with Triton X-100. In addition, immunofluorescence studies using MAbs showed that gp75 accumulated on the external cell membrane.
The gp75 protein functions both as a haemagglutinin and fusion protein as anti-gp75 antibodies inhibited both activities. The agglutination detected in THO virions was not functional at physiological pH. Furthermore, two MAbs, 4 and 11, inhibiting HA, did not neutralize viral infectivity in Veto cells. In influenza A and B viruses, in which it has been clearly established that HA reflects receptor binding activity, HA activity is detected at physiological pH and each of the MAbs that inhibited HA also neutralized infectivity (Gerhard & Webster, 1978; Webster & Laver, 1980; Berton & Webster, 1985) . Our observations that HA activity is not detected at physiological pH, and that two of three antibodies that inhibited THO virus HA activity were not neutralizing, suggest that agglutinating activity does not play a role in receptor binding in the vertebrate host. However, blood digestion in ticks, unlike haematophagous insects, is intracellular (Akov, 1982) . Thus, when THO virus is taken up in a blood meal, it is not immediately exposed to proteolytic enzymes. Under the physiological conditions in the tick gut lumen, including a pH of 6.5, the agglutinating activity of THO viral glycoprotein may play a role in infection of cells lining the tick gut wall.
In the initial stages of infection with enveloped viruses, the viral envelope fuses with a cell membrane to allow the viral nucleic acid to be released inside the cell. The fusion event occurs at the plasma membrane (as with Sendai virus; Choppin & Compans, 1975) , or it involves the membranes of intracellular vesicles such as endosomes or lysosomes (influenza viruses; Huang et al., 1981) . In the latter case, acidic conditions are required for the fusion event to take place. Results obtained with THO virus suggest that the initial stages of infection are similar to those for influenza viruses. In this respect it is interesting that gp75 of THO virus shows significant similarity to a glycoprotein, gp64, of insect baculovirus that is implicated in endocytotic fusion events (Morse et al., 1992) .
Five viral structural polypeptides of THO virus were found to be internal components of the virion ( Fig. 1 and  2 ). In DHO virus two internal proteins of 54K to 56K and 28K have been ascribed the role of nucleoprotein and matrix protein, respectively (Clerx et al., 1983) . The nucleotide sequence of the fifth and sixth largest RNA segments of DHO virus showed that they code for proteins with Mr values of 53K and 30K, respectively; the predicted proteins display sequence similarity to influenza virus nucleoprotein and matrix proteins (Fuller et al., 1987 (Fuller et al., , 1989 . By analogy with DHO virus, and from the results of salt dissociation experiments with THO virus, vp52 and vp29 appear to function as the nucleoprotein and matrix protein, respectively. Both vp52 and vp29 were difficult to dissociate from the nucleocapsid by salt and detergent treatment. Removal of nucleocapsid-associated proteins of orthomyxo-and paramyxoviruses has been shown to he pH-dependent (Zhirnov, 1990) , and this may also be the case for THO virus. The nucleocapsids of enveloped negative strand viruses contain one or more polypeptides of high Mr that have transcriptase activity. The three minor components of THO virions, vp92, vp82 and vp70 , are present in similar amounts and are of similar size to the three polypeptides that form the transcriptive complex of influenza viruses. The fact that these polypeptides remained associated with viral nucleocapsids in the presence of 0.8 M-NaC1 supports the notion that they are the counterparts of the influenza virus P proteins. However, further studies are required to elucidate the roles of these polypeptides.
The data presented are consistent with the proposal that THO virus is an orthomyxovirus that has adapted to tick-borne transmission by acquiring an insect virusrelated glycoprotein (Nuttall et al., 1991) . Influenza virions contain one (influenza virus C) or two (influenza virus A and B) major external glycoproteins, and five internal polypeptides: a matrix protein (24K to 28K), a nucleoprotein (56K to 66K) and three minor polypeptides that constitute the viral replicase (80K to 100K). The number, sizes and location of THO virus structural polypeptides in the virion are similar to those of the influenza viruses. Furthermore, synthesis of influenza virus-specific RNAs takes place in the nucleus (Herz et al., 1981) ; the fact that THO virus vp52 accumulates in the nucleus suggests that some of these processes may take place in the same cellular compartment. In addition, both influenza and THO virus mRNAs are polyadenylated and are incomplete copies of the viral RNA at their 3' end (Staunton el al., 1989) .
If THO virus is to be classified within the Orthomyxoviridae family, it should be placed in a distinct group since the number of viral segments, host range and mechanisms of transmission differ from those of the influenza viruses. DHO virus might be considered for inclusion within the same group despite the difference in the number of genomic RNA segments. The complete coding strategy of the viral genome and a detailed description of the replication and transcription mechanisms remain to be determined. These data will provide definitive evidence for classifying THO virus within the Orthomyxoviridae or in a new virus family.
